The pure rotational spectrum of FeCN has been recorded in the frequency range 140-500 GHz using millimeter/sub-millimeter direct absorption techniques. The species was created in an ac discharge of Fe(CO) 5 and cyanogen. Spectra of the 13 C, 54 Fe, and 57 Fe isotopologues were also measured, confirming the linear cyanide structure of this free radical. Lines originating from several RennerTeller components in the v 2 bending mode were also observed. Based on the observed spin-orbit pattern, the ground state of FeCN is 4 i , with small lambda-doubling splittings apparent in the = 5/2, 3/2, and 1/2 components. In addition, a much weaker spectrum of the lowest spin-orbit component of FeNC, = 9/2, was recorded; these data are consistent with the rotational parameters of previous optical studies. The data for FeCN were fit with a Hund's case (a) Hamiltonian and rotational, spin-orbit, spin-spin, and lambda-doubling parameters were determined. Rotational constants were also established from a case (c) analysis for the other isotopologues, excited vibronic states, and for FeNC. The r 0 bond lengths of FeCN were determined to be r Fe−C = 1.924 Å and r C−N = 1.157 Å, in agreement with theoretical predictions for the 4 i state. These measurements indicate that FeCN is the lower energy isomer and is more stable than FeNC by ∼1.9 kcal/mol.
I. INTRODUCTION
The interplay between ionic and covalent bonding in small, single-ligand metal-bearing molecules is highly influential in structure determination. 1 This competition is wellillustrated by the metal monocyanide/isocyanide systems. Experimental studies have shown that these species exhibit at least three stable structures, depending on the nature of the metal-CN bond. 2 The highly ionic species NaCN and KCN have a T-shaped geometry, resulting from the metal cation orbiting the CN − moiety. 3, 4 Other main group metals such as magnesium and aluminum form the linear isocyanide structure as the lowest energy isomer. [5] [6] [7] The 3d transition metals, in contrast, prefer the linear cyanide arrangement, as exemplified by ZnCN, CuCN, CoCN, NiCN, and CrCN. [8] [9] [10] [11] [12] Theoretical calculations have generally supported the experimental determination of the lowest energy isomers of these species. [13] [14] [15] [16] One cyanide/isocyanide system that has been particularly challenging for experimentalists and theoreticians alike is that involving iron. Calculations have suggested that the linear isocyanides exhibit the highest stabilities for the early 3d metals, while the later 3d metals favor the linear cyanide form, 13 with typical energy differences of 5-10 kcal/mol. [14] [15] [16] The picture is less clear for iron, which lies at the center of the 3d series. In 2001, FeNC was detected using laser induced fluorescence (LIF) spectroscopy by Lie and Dagdigian, 17 who recorded vibrational bands of a = 7/2 → = 9/2 electronic transition of the main and 13 C isotopologues. FeNC was created in a supersonic expansion from the reaction of Fe(CO) 5 and acetonitrile, and the rotational analysis indicated that the ground a) Electronic mail: lziurys@email.arizona.edu. state involved a = 9/2 spin level. In analogy to FeF and FeCl, 18, 19 these authors assumed that the ground electronic state was 6 i , and that they had observed the most stable isomer. Subsequent calculations predicted that FeNC is lower in energy than FeCN by 0.6 kcal/mol. 20, 21 A later study by Hirano et al. reported the opposite, namely, that FeCN is more stable by about 0.43 kcal/mol, 22 also debated in a more recent theoretical work by Redondo et al. 23 All theoretical studies did agree, however, that both isomers should have 6 i ground electronic states.
In order to better characterize the iron cyanide/isocyanide system, we have recorded the pure rotational spectrum of both FeCN and FeNC. This study was partly motivated by the astrophysical interest in these species. Both isomers were synthesized in an ac discharge of Fe(CO) 5 and (CN) 2 . The strongest signals clearly arose from FeCN, where four isotopologues were observed, and a meticulous search revealed the presence of four spin components, indicative of a 4 i ground state. This work is the first spectroscopic study of FeCN. Much weaker spectra were also found for FeNC. Both data sets have been analyzed with an appropriate Hamiltonian. In this paper we present our data, the spectral analyses, and the implications of this study for metal cyanide chemistry.
II. EXPERIMENT
Both the FeCN and FeNC radicals were produced in the velocity modulation spectrometer of the Ziurys group, which has been described in detail elsewhere. 24, 25 Briefly, the system consists of a Gunn oscillator/Schottky diode multiplier radiation source that provides nearly continuous frequency coverage in the range 65-850 GHz. The glass reaction chamber, which is cooled to −50
• C with chilled methanol, supports a longitudinal ac discharge by means of two ring electrodes located at each end of the cell. Radiation is focused from the source through the cell with two Teflon lenses, which also serve as vacuum seals, and into the InSb detector. The radiation source is modulated at 25 kHz and is detected at 2f using a lock-in amplifier, all under computer control. The spectrometer in this case was operated in source modulation mode (see Ref. 25) .
Iron cyanide and isocyanide were created in an ac discharge of Fe(CO) 5 , (CN) 2 , and argon. A mixture of approximately 1-2 mTorr of Fe(CO) 5 , less than 0.5 mTorr (CN) 2 , and 30 mTorr of argon resulted in the strongest signals. It was also found that hydrogen cyanide was a reasonable reactant, as well. The ac discharge was modulated at a rate of 20 kHz with 150 W of power, lower than typically used for creating ions in this system. 2 . The signals were significantly weaker than those created from iron pentacarbonyl such that only FeCN was observable.
Transition frequencies were measured by averaging two scans, one taken in increasing frequency and one in decreasing frequency, each 5 MHz in width. The recorded line shapes were fit with Gaussian profiles to establish the center frequencies. Line widths ranged from 0.4 to 1.2 MHz over the range 140-500 GHz. The experimental accuracy is estimated to be ± 50 kHz.
III. RESULTS
Searches for FeNC had been attempted by the Ziurys group using Broida oven synthesis methods, as employed for species such as FeC and FeN, 26 for several years prior to this work. Use of an ac discharge with Fe(CO) 5 proved to be a major factor in the success of the project. The initial search was guided by the rotational constant of FeNC for the = 9/2 ladder determined by Lie and Dagdigian. 17 About 8B or 36 GHz were initially scanned. Harmonically related lines with half-integer rotational quantum numbers and rotational constants between 4.0 and 4.2 GHz were found in the course of this search, but nothing obvious at the predicted frequencies for FeNC. The strongest series of lines had a rotational constant of 4011 MHz and was subsequently assigned to the ground state spin component of an iron cyanide species. Weaker patterns were also identified and attributed to the other spin ladders and Renner-Teller components of the excited bending mode. Based on the observed intensities and relative frequency shifts, spectra originating from the lowest spin components of the 54 Fe and 57 Fe isotopologues were also identified. It was clear from the observed features that a linear molecule was involved.
In order to establish the identity of the observed species, the 13 After assigning the spectra as arising from FeCN (X 4 i ), a weaker harmonic pattern was identified with a rotational constant that was considerably larger (∼200 MHz) than all other observed features. This constant agreed very well with that of FeNC, determined by Lie and Dagdidian, 17 and consequently, these lines were assigned to the = 9/2 component of this molecule.
A stick spectrum of the typical pattern observed for a single rotational transition of FeCN, in this case for J = 50.5 → 51.5, is shown in Fig. 1 , with approximate relative intensities. As can be seen, the four fine structure components ( = 7/2, 5/2, 3/2, and 1/2) extend over a very large frequency range, in fact spanning across multiple rotational transitions, although these intervening lines are not shown for clarity (see Table I ). The = 5/2, 3/2, and 1/2 spin components exhibit small lambda-doubling splittings, barely discernable on the given frequency scale of the figure. Lines from the less abundant 54 FeCN isotopologue ( = 7/2 and v 2 = 1) are apparent, as well, but not those from 57 FeCN and Fe 13 CN, as they appear at much lower frequencies not included on the diagram. The v 2 vibrational satellite lines are also prominent features. The v 2 bending mode exhibits Renner-Teller effects, and rotational transitions from several components have been observed up to v 2 = 5. These states are labeled with the appropriate vibronic term symbol. structure component, labeled by quantum number . The upper two panels show data over a 100 MHz range, while the two lower ones cover 125 MHz and 140 MHz, respectively. The = 5/2, 3/2, and 1/2 lines are further split into -doublets, indicated by e and f parity assignments. It was arbitrarily assumed that the f levels lie higher in energy than the e levels for the = 5/2 ladder; symmetry assignments for the other two ladders was then established by the signs of the lambda-doubling constants. The -doubling splitting is generally small in magnitude (≤100 MHz; see Table I ), and increases from the = 5/2 to the = (lower panel) components are shown because the other two sub-levels were too weak to be measured. Small -doubling exists in the = 5/2 component, comparable in magnitude to that of Fe 12 CN, and labeled by e and f. Again, it was assumed that the f levels lie higher in energy than the e levels. A spectrum of the = 9/2 component in the J = 46.5 → 47.5 transition of FeNC (X transitions. Seven transitions of Fe 13 CN were measured in the = 7/2 and 5/2 spin components. A list of ground state transition frequencies recorded for the different isotopologues is given in Table I , and frequencies of the excited vibrational transitions are given in Table II . In addition, ten rotational transitions of FeNC (X 6 i ) were measured. Because of the weaker signals, only the = 9/2 state was recorded for this species. Transition frequencies measured for FeNC are given in Table III .
IV. ANALYSIS
The data for Fe 12 CN were analyzed in a Hund's case (a) coupling scheme, assuming a ground state assignment of All four spin components were fit simultaneously with the following effective Hamiltonian:
Here the terms account for molecular frame rotation, spinorbit coupling, third order spin-orbit coupling, electron spin-spin interactions, and -doubling. In addition, higher order centrifugal distortion terms were incorporated into the H rot , H so , and H ss operators, partly because of the very large range of J values included in the fit. The spin-orbit parameter, A, could not be established independently from the analysis and was fixed to −2400 GHz, a value similar to that for FeF and FeCl. 18, 19 Similarly, the spin-spin parameter, λ, could not be independently determined. When this constant was allowed to vary, the fit diverged. An analysis was then systematically conducted where λ was held fixed at different values over a specified range. The best fit resulted when λ ∼ 3 GHz, similar to the spin-spin constant found for other Fe-containing species. 18, 19 Finally, the higher order spin-orbit parameter η and its centrifugal distortion term η D were necessary for a satisfactory analysis. This parameter occurs for states of quartet or higher multiplicity, and the operator has the following form:
The results from the fit to the ground vibrational data of FeCN are presented in Table IV . In total, 70 lines were included in the analysis with an rms of 249 kHz, about twice the experimental accuracy. An attempt to analyze FeCN with a 6 ground state was also carried out. However, no combination of data or constants produced a meaningful fit with overall rms less than 2 MHz (20 times the experimental uncertainty). In particular, it was not possible to find six sets of harmonically related lines that could be assigned to the spin components of a 6 state, with feasible -doubling interactions. Even use of the higher order terms η and θ did not improve the fitting results.
The data from the Fe 13 CN isotopologue were analyzed with the same case (a) Hamiltonian. However, because only two of the four components were observed, several of the fine structure parameters were fixed to the values determined for the main isotopologue. This fit established a global B 0 value for Fe 13 CN that was used in the structural analysis. The results of the fit for Fe 13 CN are also presented in Table IV . Fifteen lines were included with an rms of 168 kHz. The minor isotopologues, the v 2 vibrational satellite lines, and the four individual spin components of the ground state of FeCN were modeled using a Hund's case (c) Hamiltonian, which includes -doubling. The energies in this coupling scheme have the following form:
The results from the individual fits are presented in Tables IV and V. The rotational transitions of the = 9/2 component of FeNC were similarly analyzed, and the results are summarized in Table VI .
V. DISCUSSION

A. FeCN: The lower energy isomer
The spectra recorded here indicate that FeCN is the lower energy isomer of the cyanide/isocyanide pair, in agreement with the most recent, high-level calculations of Hirano et al. 22 The signals measured for FeCN were consistently stronger than the equivalent lines for FeNC by factors of 10-15. Moreover, all spin components in FeCN were seen in the observed spectra, as well as vibrational satellite lines up to v 2 = 5. In contrast, only the lowest energy spin component in FeNC could be identified.
This experimental result cannot be a result of differing transition strengths. These two molecules are predicted to have almost identical dipole moments. 20, 22 If anything, that of FeNC should be larger because it is more ionic, with almost a +1 charge on the iron nucleus. 22 The synthesis of both species was also identical, being simultaneously produced under the same reaction conditions, roughly at a temperature of ∼400 K. Given their predicted energy difference of ∼150 cm −1 or 200 K, 22 both isomers should be present. Furthermore, the same type of millimeter-wave experiments were conducted on a similar isomer pair, MgNC/MgCN. 28, 29 In this case, MgCN lies about 500 cm −1 or 700 K higher in energy. Both isomers were created in the same reaction mixture, and the spectra of MgNC were about a factor of 20 stronger than those of MgCN 28, 29 -roughly what is expected, given the energy difference between the species. Furthermore, all other millimeter-wave experiments of metal cyanides/isocyanides conducted in the Ziurys laboratory (AlNC, ZnCN, CuCN, NiCN, CrCN, and CoCN 6, [8] [9] [10] [11] [12] ) have identified the lowest energy isomer. It is therefore very likely that the striking differences in intensity between the spectra of FeCN and FeNC result from their relative energies.
The millimeter spectra of FeNC are consistent with the results of Lie and Dagdigian. The rotational constant for the = 9/2 component of FeNC in the LIF study was determined to be B = 4331(12) MHz, 17 in excellent agreement with the millimeter value of B 9/2 = 4329.735(11) MHz. Moreover, there can be no confusion with FeCN, because the rotational constant of FeNC is 173 MHz higher than any other observed; all the FeCN spectra have rotational constants in the range 4011-4156 MHz.
It is puzzling in the LIF measurements of FeNC, no fluorescence was observed from FeCN, the more stable isomer. 17 These experiments were conducted in a supersonic jet expansion, and the lower energy isomer should have been created. Very recent Fourier transform microwave measurements, done with a similar jet expansion coupled with a laser ablation source, have generated rotational spectra of FeCN in its X 4 state. 30 A possible explanation for the absence of FeCN in the LIF experiments could be predissociation of the quartet excited state in FeCN. More pathways likely exist for a quartet state as opposed to a sextet state, given the S = 0, ±1 predissociation selection rule.
The energy difference between iron cyanide and isocyanide can be estimated from the intensities of the millimeter spectra, assuming that the gas mixture is near equilibrium. Based on a cell gas temperature of 400 K, the relative intensities of the lines of FeNC ( = 9/2) and of FeCN ( = 7/2) suggest an energy separation of roughly 1.9 kcal/mol. This difference, obviously a coarse approximation, is in rough agreement with the 0.43 kcal/mol separation calculated by Hirano et al. 21 The energy separation is notably smaller than the usual MCN/MNC difference for other transition metal cyanides: CrCN, E = 4.9 kcal/mol; CoCN, E = 14.7; NiCN, E = 8.7-12.2; CuCN, E = 10.2-10.7; ZnCN, E = 5.1. 13, 15, 16 According to Hirano et al., 22 FeCN is the more stable species using higher levels of theory, and relativistic corrections always favor the cyanide. They found that FeCN has more covalent character than FeNC, because more electron density is shared between iron and the CN moiety in the cyanide. Enhanced stability of the more covalent, metal cyanide geometry is found throughout the latter half of the 3d series, and also in chromium. 12 This trend has been explained as a result of backbonding of the 3dπ electrons into the empty π * orbital of the CN group. 10 This orbital is principally created from carbon, hence the preferred metal-carbon bond. Experimental studies of the manganese system (Mn:d 5 ) would be a revealing test of this simple interpretation, as would investigations of the earlier 3d metals.
B. Electronic ground state and structure of FeCN
The electronic ground state of FeCN has been determined to be term predicted by theory, 20, 22 although at the cc-pCVT/augcc-pCVTZ CCSD level of calculation, considering relativistic effects and core correlation, the 4 energy drops below that of the 6 state. 20 As will be discussed, the bond lengths derived for FeCN in this study also agree with those predicted for the state, the parameterp is in the diagonal block of the Hamiltonian matrix only for = 3/2 sublevel. The need forp D in the analysis for FeCN reflects these small deviations in the -doubling of this component, probably a result of local perturbations.
D. Vibrational structure and Renner-Teller effects
In the v 2 vibrational mode for degenerate electronic states in triatomic molecules, the angular momentum l from the bending motion couples to the orbital angular momentum: the Renner-Teller effect. In this case, + l = K, where l = v 2 , v 2 -2, . . . 0, and J = K + S; the projection of J is P. 10 Renner-Teller components were assigned in the spectrum of iron cyanide, but only in the = 7/2 ladder (see Fig. 1 and Table VIII ). In the v 2 = 1 state, the vibronic terms 2S+1 K P = 4 5/2 and 4 9/2 were both identified, the former exhibiting small lambda-doubling. The v 2 = 2 level is split into 3/2 , 11/2 , and 7/2 vibronic states. The latter two states were found but not the component, which could be widely split due to spin-rotation interactions and could also be shifted due to perturbations. The v 2 = l, K = l + 2 components were assigned up to v 2 = 5; see Table VIII .
An estimate of the vibration-rotation constant α 2 for FeCN can be obtained from the progression of the v 2 = l, K = l + 2 satellite lines, which form a fairly regular pattern (see Fig. 1 ). Using the expression B v = B e -α 2 (v 2 + 1), where This similarity suggests that FeCN is as rigid as other transition metal cyanide species. The pure rotational spectra measured here indicate that for FeCN, the spin-orbit interactions are significantly larger than the Renner-Teller coupling. In the rotational spectra, the frequency splitting between the spin components is >2 GHz. It varies for the vibronic components: about ∼10 MHz in the v 2 = 1 state and about 800 MHz for the v 2 = 3 components. There is a much larger frequency difference between the 11/2 , and 7/2 components in v 2 = 2, but this splitting is likely influenced by Fermi resonance with the v 1 = 2 state, which also has 7/2 symmetry. These findings are in agreement with Hirano et al., who conclude that RennerTeller coupling is negligible for FeCN. 22 The energy of the symmetric v 1 stretching mode in FeCN can be estimated using the Kratzer relation, 35 treating the CN moiety as a single point mass
From this expression, the frequency of the v 1 mode is estimated to be ω 1 ≈ 448 cm −1 for FeCN; for FeNC, ω 1 ≈ 438 cm −1 , considering the = 9/2 component only. The symmetric stretch is theoretically calculated to lie between 410 and 420 cm −1 for FeCN, in reasonable agreement with the Kratzer-derived value. 20, 22 The Kratzer-estimated stretching frequency for FeNC is consistent with that observed by Lie and Dagdigian for the = 9/2 component, ω 1 (FeNC) = 468 cm −1 .
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VI. CONCLUSIONS
Establishing the properties of small, transition metalbearing molecules remains a challenging area of investigation, as this study illustrates. Contrary to previous work, measurements of the pure rotational spectra of FeCN and FeNC indicate that the cyanide is the more stable species of the isomer pair and that it has a 4 i ground state term. This stability seems to result from increased covalent character in the molecule. The spectrum of FeCN, however, appears to be perturbed, as evident in the fine structure pattern and the derived spectroscopic constants. Low energy excited states clearly exist for this species. The structure determined for FeCN from the rotational constants suggests a single Fe−C bond and a triple C-N bond. Thus far, all 3d transition metals with the CN ligand have the linear cyanide geometry, in contrast to main group metals. Intriguing questions concerning the lowest energy structures of the remaining 3d metals Sc, Ti, V, and Mn have yet to be answered. Experimental and theoretical studies of these species would be chemically enlightening.
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